Xyloglucan has been hypothesized to bind extensively to cellulose microfibril surfaces and to tether microfibrils into a load-bearing network, thereby playing a central role in wall mechanics and growth, but this view is challenged by newer results. Here we combined high-resolution imaging by field emission scanning electron microscopy (FESEM) with nanogold affinity tags and selective endoglucanase treatments to assess the spatial location and conformation of xyloglucan in onion cell walls. FESEM imaging of xyloglucanase-digested cell walls revealed an altered microfibril organization but did not yield clear evidence of xyloglucan conformations. Backscattered electron detection provided excellent detection of nanogold affinity tags in the context of wall fibrillar organization. Labelling with xyloglucan-specific CBM76 conjugated with nanogold showed that xyloglucans were associated with fibril surfaces in both extended and coiled conformations, but tethered configurations were not observed. Labelling with nanogold-conjugated CBM3, which binds the hydrophobic surface of crystalline cellulose, was infrequent until the wall was predigested with xyloglucanase, whereupon microfibril labelling was extensive. When tamarind xyloglucan was allowed to bind to xyloglucan-depleted onion walls, CBM76 labelling gave positive evidence for xyloglucans in both extended and coiled conformations, yet xyloglucan chains were not directly visible by FESEM. These results indicate that an appreciable, but still small, surface of cellulose microfibrils in the onion wall is tightly bound with extended xyloglucan chains and that some of the xyloglucan has a coiled conformation.
INTRODUCTION
Since its discovery, xyloglucan has figured prominently in concepts of primary cell wall architecture and the molecular basis of cell wall mechanics and growth (Nishitani and Masuda, 1981; Taiz, 1984; Fry, 1989; Hayashi, 1989; Carpita and Gibeaut, 1993; Nishitani, 1998; Cosgrove, 2005; Albersheim et al., 2011; Park and Cosgrove, 2015) . Xyloglucan consists of a b-D-1-4-glucan backbone substituted at most C6 positions with xylose with additional glycosyl residues in many cases (Scheller and Ulvskov, 2010; Pauly and Keegstra, 2016) . The frequency and structure of these sidechains vary with plant species and developmental state and influence xyloglucan's compatibility with cellular processes (Schultink et al., 2013; Kong et al., 2015) . The need for strong alkali to extract xyloglucan from cell walls is generally interpreted to mean that cellulose must be swollen to release tightly bound or entrapped xyloglucans (Hayashi and Maclachlan, 1984; Edelmann and Fry, 1992; Baba et al., 1994; Pauly et al., 1999) . With insights from different experimental approaches, notions about xyloglucan location, conformation, covalent and noncovalent bonding partners and mechanical roles in the wall have varied over time (Keegstra et al., 1973; Talbott and Ray, 1992; Pauly et al., 1999; Abasolo et al., 2009; Hayashi and Kaida, 2011 ), yet its importance for primary cell wall structure and function largely went unquestioned until the report of an Arabidopsis line that lacks xyloglucan, yet manifests only subtle growth phenotypes (Cavalier et al., 2008; Park and Cosgrove, 2012a; Xiao et al., 2016) . The untested concept that xyloglucans act as loadbearing tethers between cellulose microfibrils was further challenged by results showing that enzymatic digestion of xyloglucan did not mechanically weaken cell walls nor did it induce cell wall extension (creep) in vitro (Park and Cosgrove, 2012b) . Instead, wall loosening by endoglucanases required a bifunctional enzyme able to cut both xyloglucan and cellulose, a result leading to the idea that wall loosening occurs at relatively inaccessible junctions, dubbed biomechanical hotspots, that link microfibrils into a loadbearing network. Moreover, studies by solid-state NMR (ssNMR) did not find evidence of extensive coating of cellulose microfibrils by xyloglucan (Bootten et al., 2004; Dick-Perez et al., 2011) , as commonly portrayed in depictions of cell wall structure since the 1970s. These divergent results challenge the long-standing view of xyloglucancellulose interactions in the native cell wall, motivating us to re-examine xyloglucan's place in the primary cell wall.
A commonly held view is that xyloglucans assume an extended conformation in the wall, bind extensively to cellulose surfaces, and form load-bearing tethers between cellulose microfibrils (Hayashi, 1989; Carpita and Gibeaut, 1993; Scheller and Ulvskov, 2010; Albersheim et al., 2011) . At the same time, xyloglucan may limit direct cellulose-cellulose contacts. This view in fact constitutes a collection of hypotheses with circumstantial support but limited experimental testing (Park and Cosgrove, 2015) . Transmission electron microscopy (TEM) images of thin sections of primary cell walls labelled with immunogold (Moore et al., 1986; Freshour et al., 1996) indicate that xyloglucan is indeed dispersed throughout the wall but the method does not resolve cellulose microfibrils or xyloglucan chains well enough to identify their nanoscale spatial conformations and interactions. Likewise, immunogold labelling of extracted cell wall fragments supports an association of xyloglucan with microfibrils (Baba et al., 1994) , but says little about the nanoscale organization of xyloglucan-cellulose complexes.
Contrary to the extended conformation described above, studies of tamarind xyloglucan in solution indicate it consists of semiflexible chains forming a coiled conformation with a radius of gyration of 51 nm (Muller et al., 2011) , i.e. much more compact than its backbone length (>500 nm). The finding that xyloglucan in the cell wall can be stained with iodine (Hayashi and Maclachlan, 1984) suggests that a portion may be in a highly solvated form (required for iodine intercalation), a conclusion also supported by xyloglucanase digestions (Pauly et al., 1999; Park and Cosgrove, 2012b) , mechanical studies of pectin mutants (Abasolo et al., 2009 ) and ssNMR studies of spin diffusion between xyloglucan and pectin (White et al., 2014; Wang and Hong, 2016) . In contrast, when tamarind xyloglucan was dried onto mica surfaces it assumed extended, highly aggregated, helical conformations (Koziol et al., 2015) that differ markedly from its solution state and from its proposed conformation in muro. Other studies have also noted xyloglucan's innate propensity to aggregate (Gidley et al., 1991; Lang and Burchard, 1993; Freitas et al., 2005; Muller et al., 2013) .
In vitro binding experiments demonstrate that xyloglucan binds irreversibly to cellulose, that the form of cellulose as well as xyloglucan influences binding, and that under some conditions an initial phase of binding is followed by rearrangement, potentially with increased contact surfaces between cellulose and xyloglucan (Hayashi et al., 1987 Chanliaud et al., 2004; Lima et al., 2004; Chambat et al., 2005; Lopez et al., 2010; Villares et al., 2015; Benselfelt et al., 2016) . Such experiments reveal important physicochemical details of xyloglucan-cellulose interactions in vitro, but these may have limited applicability to the natural processes by which plants assemble their primary cell walls. In vitro binding experiments typically present large xyloglucan chains in dilute solutions to a bare cellulose surface, whereas growing plant cells extrude packets of smaller xyloglucan chains into a crowded physicochemical environment that may differ substantially from free solution [see review by Park and Cosgrove (2015) ]. The resulting assembly of cellulose, xyloglucan, pectins and other components differs greatly from what has been obtained to date by binding in vitro, e.g. (Hayashi, 1989; Zykwinska et al., 2008; Cerclier et al., 2010; Dammak et al., 2015) . Hence a clearer understanding of the physical state and conformation(s) of xyloglucan in primary cell walls would help to define its role in wall architecture and to resolve different concepts of xyloglucan function that have emerged in recent years.
In this study we used high-resolution imaging of cell wall surfaces by FESEM (Fujita and Wasteneys, 2014; Zheng et al., 2017) , which enabled us to visualize the organization of cellulose microfibrils in great detail . FESEM has superseded TEM imaging of shadowed replicas of fast-freeze, deep-etched wall samples (McCann et al., 1990) . To obtain a clearer resolution of the location and conformation of xyloglucan and its proximity to cellulose at the nm-scale, we combined FESEM imaging of cell walls with digestions by substrate-specific endoglucanases and labelling with nanogold affinity tags for cellulose and xyloglucan.
RESULTS

FESEM imaging of endoglucanase-treated cell walls
Our plant material for this work was the outer epidermal cell wall of onion scales, which is readily exposed for surface imaging, labelling and enzyme treatment by a simple peeling procedure that separates the outer (periclinal) wall from the remainder of the cell. This procedure exposes the recently-deposited cell wall surface for imaging by FESEM and atomic force microscopy (AFM), in contrast to other peeling methods in which whole-cell epidermal layers were obtained (Wilson et al., 2000; Carpita et al., 2001; Suslov et al., 2009) . Following a brief detergent wash to remove membranes and cellular debris, the epidermal strip was digested with pectate lyase (PL), washed, dehydrated in ethanol, and critical-point dried. PL digestion removed superficial pectic polysaccharides that obscure the underlying microfibrils in FESEM images . The fibrillar structures (including bundles) ranged in width from 2.5 nm to >30 nm, the variation largely a consequence of microfibril aggregation or bundling (Figure 1(a, a  0 ) ). These fibrils are believed to be cellulose microfibrils, potentially coated with matrix polymers such as xyloglucan. The fibrils in these images are additionally thickened by an iridium coat (nominally 0.3-1 nm) which is applied to reduce destabilizing buildup of electrical charge during imaging. The iridium coating in these images is thinner than that used in earlier work (sputter coating time Each distribution is based on ImageJ analysis of 10 images (for a total of~600 000 data points for fibril size distribution and~5000 points for pore size; see Figure S2 for images). [Colour figure can be viewed at wileyonlinelibrary.com] of 3 sec versus 10 sec) , bringing out finer fibrillar details but at a cost of lower image stability (Zheng et al., 2017) .
In the surface lamella, fibrils mostly run in the same direction and are laterally aggregated over lengths that range from~30 to >300 nm. The extent of lateral aggregation seen by FESEM appears to be greater than what is seen in wet (submerged) walls by AFM , likely as a result of pectin removal and dehydration during sample preparation for FESEM. The fibrils often appear twisted and bent, unlike their appearance in the hydrated state by AFM, when they are straighter and when microfibril curves are generally wide and smooth. Fibril crookedness in FESEM images is also likely an artefact of sample preparation, e.g. from stresses arising during sample dehydration. Microfibrils are often visible in underlying lamellae in the gaps between the surface fibrils. These gaps commonly appear ellipsoidal or lenticular in shape, with lengths ranging from~20 nm to more than 100 nm and widths from~10-60 nm. The size and shape of these gaps are almost certainly influenced by sample preparation, as they have a different appearance and are filled with soft, adhesive matrix when imaged under water by AFM . In the walls not digested with endoglucanase (No EG; Figure 1a , a 0 ), nonfibrillar interstitial material is also evident, filling in some of the gaps between microfibrils and masking underlying microfibrils.
We first attempted to assess the location and form of xyloglucan in these cell walls by comparing FESEM images of walls digested with endoglucanases possessing distinctive substrate specificities: XGase, a family-12 glycosyl hydrolase (GH) that hydrolyzes xyloglucan but not unbranched glucan; Case, a family-12 GH that hydrolyzes noncrystalline (solvated) cellulose only; and CXGase, a family-5 GH that hydrolyzes both noncrystalline (solvated) cellulose and xyloglucan ( Figure S1 ). Previous work showed that CXGase can induce cell wall creep, whereas the other two enzymes lack this ability, even when combined together (Park and Cosgrove, 2012b) .
Digestion with these endoglucanases altered microfibril bundling (Figure 1(b-d) ), but we did not find clear evidence of xyloglucan tethers or solvated coils, i.e. crossbridges or amorphous spheroids that were removed by XGase. As will be apparent from later results, FESEM did not visualize single xyloglucan chains in our experiments. After XGase and CXGase treatment, fibrillar structures generally appeared thinner and less bundled, but analysis proved challenging because of image complexity and variability. As a first approach to this problem, the fibrillar organization of~190 images for each treatment was classified by eye into three classes (organized, disrupted and in-between) based on fibril bundling, angularity, dispersion and breakage (Figure 1(e) ), exemplified by the differences between Figure 1a 0 (organized) and Figure 1 
. Approximately 52% of the control images (No EG) were classified as organized, 3% as disrupted and 46% as in-between. A similar distribution was found for XGasetreated walls, whereas after CXGase treatment a larger proportion of the images were classified as disrupted (37%), with only 16% in the organized class. After CXGase digestion, microfibrils displayed reduced bundling, increased fibril angularity (crookedness), higher fibril dispersion and fibril breakage (Figure 1(d  0 ) ). The appearance of Case-treated walls was intermediate between No EG and CXGase treatments. Thin fibrils that spanned bundles were often broken in walls treated with Case (arrows in Figure 1(c) ) and CXGase. Whether the breaks were a direct result of endoglucanase action or resulted from wall fragility is uncertain. The width (mean = 3.5 nm) and appearance of these thin fibrils, as well as their resistance to PL and XGase digestion suggest they are single cellulose microfibrils that crossover between adjacent parallel fibril bundles. Consistent with this interpretation, single microfibrils spanning bundles were evident in AFM images of this material . Non-fibrillar material was also present between and below the surface fibrils in most images.
To quantify the structural effects of these endoglucanases in a less subjective manner, we used ImageJ to measure the distribution of fibril widths and pore sizes in 10 representative images selected from the full set in proportion to the distributions shown in Figure 1 (e). The procedure is outlined in Method S1 and the full sets of images that were analyzed are shown in Figure S2 . The results (Figure 1 (f, g)) showed statistically significant shifts in the distribution of fibre bundle widths and pore sizes. XGase and CXGase resulted in a shift in fibril bundles to smaller sizes, whereas the opposite trend was seen with Case. Changes in pore size distribution likely resulted from altered fibril bundling. Bundling and pore sizes seen in FESEM are influenced by dehydration, so these changes in wall texture are best considered indirect indicators of the influence of these enzymes on fibril interactions.
In these experiments we did not identify specific morphological structures in the wall that could be unambiguously identified as xyloglucan. We therefore extended this approach by use of nanogold affinity probes for xyloglucan.
Nanoscale detection of xyloglucan with LM15 antibody
In initial trials we attempted to localize xyloglucan by combining FESEM with anti-xyloglucan antibody (LM15) followed by secondary antibody conjugated to nanogold, with the hope that the large size of the antibody complex would be evident in FESEM images. However, the roughness of the cell wall surface made it difficult to identify the antibodies unambiguously and the use of horse serum albumin as blocking agent aggravated this problem by increasing surface roughness ( Figure S3 (a-c)). Albumin was visible in FESEM images. The latter problem was avoided by use of protein-free blocking buffer ( Figure S3 (d-f)). Nanogold alone bound negligibly to these walls ). Nevertheless, direct antibody and nanogold detection by standard FESEM using secondary electron detection was challenging.
Nanogold detection was markedly improved by use of backscattered electron (BSE) detection, which highlights nanogold, but at the cost of reduced resolution of microfibril details (Figures 2(a) and S3(G-I)). Immunogold tags were largely localized near microfibril surfaces (predominantly bundles) and did not specifically bind cross-bridges (potential tethers) between microfibril bundles. We observed a high incidence of two or more nanogold particles clustered in close proximity (<20 nm apart), likely a result of multiple (polyclonal) secondary antibodies binding the same primary LM15 antibody. This interpretation of nanogold clustering is strengthened by the recent conclusion that LM15 binds to the non-reducing end of xyloglucan chains (Ruprecht et al., 2017) . It seems unlikely that multiple xyloglucan chains would end in such close proximity to each other. Multiple secondary antibodies bound to the same primary antibody would exaggerate the nanogold count. Under these experimental conditions, background labelling from secondary antibody alone was 10-15% of that detected in walls labelled with LM15. Wall pretreatment with XGase and CXGase before antibody labelling substantially reduced nanogold density ), consistent with LM15 detection of xyloglucan.
These results suggest that antibody-accessible xyloglucan was largely located on the surface of microfibrils in PL-treated walls, not in coils or other distinctive structures visible in these FESEM images. We note that LM15 occasionally bound to thin fibrillar structures running across the main direction of microfibril bundles (e.g. lower left corner in Figure 2 (a) and other places in the same image). As additional results reveal (see below and Discussion), these thin fibrils are unlikely to be xyloglucan tethers but may be single cellulose microfibrils, in some places coated with xyloglucan. This interpretation is supported by the observation that similar fibrils were still present after extensive XGase and CXGase digestions (Figure 2(b, c) ), which are expected to remove accessible xyloglucans and which in fact reduced labelling of the thin fibrils by LM15 (Figure 2(c) ). Moreover, if LM15 indeed binds the nonreducing end of xyloglucan (Ruprecht et al., 2017) , the thin fibrils are unlikely to be single xyloglucan chains. Finally, the gold particle counts showed that CXGase was more effective at removing surface xyloglucans compared with XGase, an indication that a fraction of the xyloglucan may be intertwined with amorphous cellulose, thereby limiting xyloglucan digestion by XGase (Park and Cosgrove, 2012b) .
Nanoscale detection of xyloglucan with CBM76
To confirm and extend these results, we developed an alternative approach that made use of carbohydrate-binding modules (CBMs) conjugated to nanogold. CBM76 has specificity for xyloglucan in vitro (Venditto et al., 2016) . It has the potential advantage of being a small protein (18.8 kDa), so that the nanogold particle should be much closer to xyloglucan than is possible with antibodies. Assuming IgG antibody length of~11 nm, nanogold on the secondary antibody may be >20 nm from the epitope detected by LM15, whereas with CBM76 it should bẽ 3 nm or less. Close localization is potentially important for interpreting these complex, high-resolution images. In multiple trials the average labelling density of No-EG walls by CBM76-nanogold ranged from 200 to 300 particles per lm 2 and was similar for CBM76-nanogold incubations of 50 and 100 lg ml À1 , indicating near-saturation labelling.
An unexpected aspect of CBM76-nanogold labelling was its clustered, string-like appearance (Figure 3(a) ), with nanogold particles often arranged in apparent chains with a mean spacing between nanogold of 15 nm (102 measurements of centre-to-centre spacing; SD 4.9 nm). This spacing matches our estimate of the length of a 5-nm gold particle coated with two or more CBM76 proteins (each~5 nm long). The apparent chains of nanogold particles ranged in length from~20 to 150 nm and sometimes conformed to microfibrils and sometimes took a separate path. We tentatively interpret these 'chains of pearls' as single xyloglucans linearly decorated with CBM76-nanogold. These chains were often separated by gap regions of~100-300 nm with few particles. Additional images of CBM76-nanogold labelling are shown in Figures 3(e) and S4 where many nanogold patterns appear to be extended chains whereas others could be interpreted as coiled conformations. In most cases the xyloglucan to which the CMB76-nanogold particles were bound was not apparent in the FESEM image.
After digestion with XGase or CXGase, CBM76 labelling was greatly reduced (Figure 3b, c) , showing that CBM76 displays low background binding to these wall samples and that it binds primarily to xyloglucan. Figure 3d shows particle counts in one of several replicate experiments, showing an 82% reduction in labelling when the walls were predigested with XGase and an even larger reduction when predigested with CXGase. This confirms the result noted in Figure 2 , that CXGase is more effective than XGase at removing surface xyloglucan.
These results, with both LM15 and CBM76, indicate that xyloglucans are often associated with individual microfibrils and bundles of microfibrils, but sometimes have an independent path or assume a coiled conformation. It is possible that xyloglucan distribution is underestimated in these images by masking from residual pectic polysaccharides not removed by PL (Marcus et al., 2008) . Moreover, it is possible that tight association with cellulose may alter xyloglucan conformation to a form not recognized by LM15 or CBM76. Additionally, xyloglucan may become more closely associated with microfibrils in these samples as a result of dehydration-induced collapse of the matrix. We therefore developed an alternative approach that circumvented these potential technical caveats.
Assessing xyloglucan coating of cellulose by CBM3 and xyloglucanase digestion
To test the hypothesis that xyloglucan binds tightly to cellulose surfaces, we assessed the accessibility of cellulose surfaces by labelling the onion walls with CBM3-nanogold. CBM3 is reported to bind the hydrophobic face of crystalline cellulose (Lehtio et al., 2003; Herve et al., 2010; Dagel et al., 2011; Georgelis et al., 2012; Ruel et al., 2012) . By labelling walls with and without pre-digestion of xyloglucan, we could judge the extent of cellulose coating by xyloglucan, with the assumptions that xyloglucanase removes cellulose-bound xyloglucans and that CBM3 selectively binds cellulose (see Discussion of this point). CBM3 bound at relatively low density to wall surfaces that were not predigested with endoglucanase (Figures 4(a, b) and S5), indicating a relatively low density of accessible cellulose surfaces to which CBM3 can bind and low nonspecific binding. Comparison of Figure 4 (a) and (b) illustrates the advantage of BSE detection of nanogold. As anticipated, CBM3 labelling was not increased by predigestion with Case (Figure 4(c) ). In contrast, walls digested with XGase and CXGase (Figure 4(d-g) ) were labelled at~10 9 higher density. Close inspection of the images (Figure 4(f, g) ) revealed that CBM3-nanogold preferentially bound superficial microfibrils, whereas deeper microfibrils were rarely labelled. CBM3-nanogold was closely associated with microfibrils, more so than CBM76-nanogold. The concentration of CBM3-nanogold used in these experiments did not saturate all binding sites ( Figure S5) , so the reduced labelling of the deeper microfibrils might result from the kinetics of binding by a limited CBM3 pool. Alternatively, these deeper lamellae may be less accessible to CBM3-nanogold due to exclusion by residual matrix, charge repulsion or for some other reason. Note that for these experiments CBM3-nanogold was allowed to bind to the never-dried wall, followed by washing and then dehydration, so the labelling pattern is unlikely to be affected by dehydration. The results show that digestion of xyloglucan greatly increased binding of CBM3 to the microfibrils, indicating appreciable coverage of crystalline cellulose surfaces by xyloglucan.
Imaging isolated xyloglucan
We tried additional approaches to directly visualize xyloglucan conformations by FESEM. Tamarind xyloglucan in solution reportedly consists of worm-like chains (0.6 nm diameter) with a persistence length of 8 nm and with a gyration radius of 51 nm (Cerclier et al., 2010; Muller et al., 2011) . We therefore expected it to have the form of~100-nm wide random coils with the chain direction becoming randomized along 8-nm segments. However, xyloglucan also aggregates in solution (Gidley et al., 1991; Lang and Burchard, 1993; Freitas et al., 2005; Lopez et al., 2010; Muller et al., 2013) and can form stiff rod-like aggregates under some conditions (Koziol et al., 2015) .
For our first approach, we air dried a solution of tamarind xyloglucan onto mica where the xyloglucan appeared to form highly extended, branched, fibrillar aggregates ( Figure 5(a) ). The 10-s iridium coating used in these experiments may obscure or thicken the finest fibrils (arrows), but xyloglucan's appearance differed markedly from what we had anticipated from its solution state characterization. In a second approach, we air dried tamarind xyloglucan solution onto PL-digested onion walls (instead of mica), followed by rehydration and critical-point drying to permit a more solution-like conformation. The xyloglucan appeared as a surface network of helical, aggregated, folded fibrils ( Figure 5(b) ), less extended than when air dried onto mica. The xyloglucan fibrils did not appear to align to cell wall fibrils or become integrated with them. In a third protocol, a tamarind xyloglucan solution was allowed to bind for 40 h to onion walls that were predigested with XGase to expose cellulose surfaces. Following binding, the material was labelled with CBM76-nanogold, critical-point dried, and imaged by FESEM to identify the location of xyloglucan chains. The results indicated xyloglucan became bound to the wall surface, in some cases along microfibrils, in other cases in what appeared to be a coiled form (Figure 5(c-e) ). Although CBM76-nanogold was readily detected, the xyloglucan chains themselves were not apparent in the FESEM images (compare Figure 5(c, d) ). We conclude from these three experiments that xyloglucan may assume a variety of conformations and that when it becomes bound to the onion cell walls the single chains do not stand out from the cell wall background as recognizable structures in FESEM. It may be argued that the lack of terminal fucosyl residues in tamarind xyloglucan sidechains may influence its properties (Lima et al., 2004) . However, the mur2 mutant of Arabidopsis lacks fucosyl residues in its xyloglucan, yet has normal growth and wall strength (Vanzin et al., 2002) , indicating fucose is not crucial to xyloglucan function.
In a fourth approach we partially digested tamarind xyloglucan, tagged the reducing ends with nanogold, and incubated xyloglucan-nanogold conjugate with XGase-predigested onion walls in the presence of hetero-trans-b-glucanase (HTG) activity. This enzyme ligates xyloglucan onto cellulose surfaces (Simmons et al., 2015) . This was another attempt to identify the appearance of single xyloglucan chains bound to cellulose microfibrils. Nanogold particles were indeed found associated with fibrils ( Figure 5(f) ), but the attached xyloglucan chains were difficult to discern with any certainty, possibly because they bound tightly to the microfibril surface and did not possess a distinctive appearance. This interpretation is consistent with the observations above, where xyloglucans were detected by LM15 and CBM76, but the chains themselves were not readily distinguishable in the microfibril background.
DISCUSSION
This FESEM-based study explored the nanoscale conformation and location of xyloglucan in relation to the cellulose network in onion epidermal cell walls. This is germane to molecular models of primary cell wall structure, mechanics and growth (Cosgrove, 2014; Bidhendi and Geitmann, 2016; Pauly and Keegstra, 2016) . The onion wall is of particular value for this purpose because of its tractability for mechanical analysis (Wilson et al., 2000; Hepworth and Bruce, 2004; Suslov et al., 2009; Kim et al., 2015) and for high-resolution imaging in the hydrated state by AFM (Zhang et al., 2014 (Zhang et al., , 2017 particularly useful because it can reveal the fibrillar organization of the cell wall surface in nm detail, whereas fluorescence microscopy, even super-resolution variants, does not resolve the 3-nm wide microfibrillar details of densely packed walls (Anderson et al., 2010) . Similarly, microfibrilmatrix organization is difficult to resolve by thin-section TEM because of low variations in electron density within the wall (Sarkar et al., 2014) . Likewise, TEM images of cell walls labelled with nanogold affinity tags do not visualize cellulose microfibrils clearly (Ruel and Joseleau, 1984; Moore et al., 1986; Freshour et al., 2003; Ruel et al., 2012) , unlike FESEM.
Backscattered electron detection of nanogold
Compared with FESEM imaging with secondary electron detection, BSE greatly highlighted nanogold particles, enabling nm-scale localization of affinity tags simultaneously with microfibril organization and greatly expanding the informative use of FESEM. The use of BSE detection for enhanced detection of nanogold in FESEM imaging has been reported before (Goldberg and Fiserova, 2016) and our results extend this approach to cell wall analysis. A recent study (Sun et al., 2017) used immunogold labelling of xylem cell wall surfaces, followed by silver enhancement, which was necessary because their SEM could not resolve nanogold particles (FESEM has higher resolution than standard SEM). Sun et al. visualized the distribution of pectic and hemicellulose epitopes at the lm scale, but did not resolve the microfibril organization of cell walls, as in our study. An additional technical point is noteworthy: direct nanogold conjugation to CBMs, as used in our study, brings the nanogold closer to the binding target than is feasible with common two-step immunological techniques, a decided advantage for nm-scale analysis.
Does xyloglucan coat cellulose?
Based on our results with xyloglucanase digestions and CBM3-nanogold labelling, we conclude that xyloglucan indeed covers cellulose surfaces to an appreciable extent in these walls. Comparison of images with and without xyloglucanase digestions did not reveal morphologically distinct xyloglucan structures; neither tethers nor fibrils nor amorphous blobs were seen to disappear after digestion. However, this observation must be tempered by the fact that single xyloglucan chains were not readily discerned in these FESEM images. Instead the images showed a shift in fibril bundle widths towards smaller sizes after xyloglucanase digestion, concomitant with a large increase in the ability to bind CBM3. Our results indicate that xyloglucan is present, at least in part, as a thin layer that binds cellulose surfaces and blocks access for CBM3 binding. Since CBM3 binds to the hydrophobic surface of cellulose microfibrils (Lehtio et al., 2003; Ding et al., 2006; Herve et al., 2010; Dagel et al., 2011; Georgelis et al., 2012; Ruel et al., 2012) , the results support computational results indicating a preferential binding of xyloglucan to the hydrophobic surface of cellulose (Zhao et al., 2014) . It is also consistent with in vitro binding experiments that infer an entropy-driven removal of structured water from xyloglucan surfaces and the hydrophobic face of cellulose upon binding (Lima et al., 2004; Lopez et al., 2010; Benselfelt et al., 2016) . Similarly, binding of CBM3, as well as other type-A CBMs, to the hydrophobic face of cellulose is proposed to be largely driven by changes in water entropy (Creagh et al., 1996; Georgelis et al., 2012; HernandezGomez et al., 2015) . Our results do not exclude the possibility that xyloglucan also binds to the hydrophilic surface of cellulose. Experimental assessment of such binding would be facilitated by use of probes that selectively bind to this surface, e.g. xylans (Grantham et al., 2017; Pereira et al., 2017) .
These conclusions about xyloglucan-cellulose binding may appear contrary to ssNMR results interpreted to mean that cellulose in primary cell walls is largely free of surface-bound xyloglucan (Bootten et al., 2004; Dick-Perez et al., 2011) . The latter study detected only weak xyloglucan-cellulose cross peaks in 2D and 3D 13 C spectra, but abundant pectin-cellulose cross peaks, in cell walls from whole Arabidopsis seedlings, whereas the former study estimated that only a minor fraction of xyloglucan in mung bean hypocotyl cell walls was in the rigid conformation expected of cellulose-bound xyloglucan. Bootten et al. (2004) estimated that a maximum of 8% of the cellulose surface was bound to xyloglucan, consistent with the low, but unspecified, estimate of Dick-Perez et al. (2011) . These are remarkably different conclusions from earlier work which inferred full coverage of cellulose by xyloglucan (Hayashi and Maclachlan, 1984) . From our results with CBM3 labelling (Figure 4 ) we conclude that xyloglucan covers a small but appreciable portion of the cellulose surface in the onion wall. Strictly speaking, this conclusion applies to the surface visible by FESEM; the situation for deeper (older) lamellae is uncertain. It is challenging to quantify the extent of cellulose coverage by CBM3-nanogold from these FESEM images. In CXGase-digested walls the nanogold occupies up to~10% of the image area, predominantly bound to fibrils in the uppermost lamella, which occupy up to half the area in these images. The underlying fibrils appear to be inaccessible to CBM3-nanogold, and so are neglected in this calculation. From these considerations we tentatively estimate CBM3-nanogold coverage of surface microfibrils at~20% after xyloglucanase digestion. This figure might be underestimated because the CBM3-nanogold was not applied in saturating amount ( Figure S5 ), but also might be overestimated because the nanogold diameter may appear larger in the FESEM image than the width of a xyloglucan chain. There are many uncertainties in this rough estimate. In any case we would not expect 100% coverage by CBM3-nanogold because: (a) a substantial but unknown proportion of the cellulose surface is assumed to be the hydrophilic, not hydrophobic, face of the microfibril, which is not the primary site of CBM3 binding (Lehtio et al., 2003; Dagel et al., 2011) ; (b) cellulose surfaces may be sterically blocked by other matrix components such as pectins (Wang and Hong, 2016) ; (c) tightly bound xyloglucan may not be removed by xyloglucanase (Pauly et al., 1999) ; and (d) cellulose in primary cell walls may contain appreciable noncrystalline regions with reduced affinity to CBM3. Moreover, AFM observations suggest that bundling of microfibrils to other microfibrils is mediated via their hydrophobic surfaces , which thus would be sterically unavailable for CBM3 binding.
In short, we conclude that an appreciable but not necessarily large fraction of the cellulose surface in these onion walls is bound to xyloglucan that is removed by enzymatic digestion, enabling CBM3 binding. This fraction may be large enough to be of structural and mechanical relevance. However, previous work (Park and Cosgrove, 2012b) showed that xyloglucan-specific endoglucanase did not loosen cell walls, arguing against accessible xyloglucan tethers as load-bearing links between microfibrils, a conclusion likewise supported in this study by the lack of evidence for extensive CBM76-labelled tethers. Our FESEM images showed thin fibrils that crossed over between bundles, but because they were not removed by XGase and were labelled to some extent by CBM3, they are most likely single cellulose microfibrils spanning bundles. The same is likely to be true for the cross-links observed in the pioneering study by McCann et al. (1990) .
Whether these conclusions about xyloglucan-cellulose interactions are unique to the onion epidermis or are generally applicable to other primary cell walls remains to be established by further work. The cross-lamellate structure of these onion walls resembles the outer (periclinal) epidermal walls of other organs (Hejnowicz and Borowska-Wykret, 2005; Kutschera, 2008 ). In contrast, for the inner walls of the epidermis of Arabidopsis hypocotyls (Crowell et al., 2011) and for internal cells of other stems (Baskin, 2005; Marga et al., 2005) microfibril orientation is largely transverse. This difference in cellulose organization may stem from a difference in cellulosexyloglucan organization, a question for future research.
CBM3 as a cellulose probe
Our CBM3 results contrast with those of Hernandez-Gomez et al. (2015) who found that CBM3 binds xyloglucan in some conditions (the same CBM3 was used in both studies). By isothermal titration calorimetry they estimated the affinity of CBM3 for tamarind xyloglucan in solution to bẽ 10 4 M À1 , i.e. weak binding that may be too low for practical use in cell labelling (Harlow and Lane, 1988) . In contrast CBM3 binding affinity to cellulose is >10 6 M À1 (Georgelis et al., 2012) . This >100-fold difference in affinity to cellulose likely accounts for the cellulose-specific CBM3 labelling patterns that we observed, i.e. infrequent binding to wall surfaces until they were digested with xyloglucanase, consistent with negligible CBM3 binding to xyloglucan and strong binding to cellulose surfaces made bare by xyloglucanase treatment. In our labelling procedure, weak CBM3 binding to xyloglucan is likely removed during the wash treatments before dehydration. Moreover, the pattern of wall labelling differed for CBM3 and CBM76 (compare Figure 3(a) with Figure 4 (b)), consistent with distinctive targets. Hernandez-Gomez et al. (2015) observed that CBM3 labelling of thin sections of tamarind cotyledons was reduced by 'xyloglucanase' treatment, contrary to our results with onion walls where xyloglucanase treatment increased CBM3 labelling by~10X. Their 'xyloglucanase' was the same as our CXGase, which in fact has cellulase activity ( Figure S1 ), potentially impacting the interpretation of their results. The xyloglucan-rich secondary walls of tamarind cotyledons may contain some cellulose; alternatively, CBM3 may bind to the unusual, ordered conformation of seed-storage xyloglucan (Kooiman, 1957) . Moreover, the protocols used for CBM3 labelling in the two studies were very different and consequently may have yielded contrasting results. We incubated never-dried cell walls, with or without prior endoglucanase digestion, with CBM3-nanogold, then dehydrated them in preparation for FESEM. Thus, wall components were close to their native state during CBM3 labelling. In contrast in Hernandez-Gomez et al. (2015) the tamarind cotyledons were first dehydrated, embedded in resin, thin-sectioned and then treated with enzyme followed by a three-step labelling procedure (His-tagged CBM3 followed by anti-his mouse antibody, then anti-mouse IgG labelled with Alexa Fluor488). The conformation of seed-storage xyloglucan may be influenced by these treatments, potentially affecting CBM3 interactions. As documented by Hernandez-Gomez et al. (2015) , CBM3 does not bind xyloglucan oligosaccharides, but does weakly bind large xyloglucans, suggesting that it binds aggregated regions of xyloglucan, which are known to exist in solution (Muller et al., 2013; Koziol et al., 2015) . We likewise found evidence for aggregation of tamarind xyloglucan ( Figure 5 ), but did not detect similar aggregates in FESEM images of onion walls (Figure 1) . Our results confirm the usefulness of CBM3-nanogold as a selective probe for cellulose surfaces in muro.
In conclusion, our results indicate that xyloglucan in the onion cell wall is bound, at least in part, as a thin coating to the hydrophobic surfaces of cellulose microfibrils. Such binding may influence cell wall assembly by limiting direct cellulose-cellulose bundling during wall assembly. This possibility is supported by the phenotype the xyloglucandeficient xxt1,xxt2 mutant of Arabidopsis which displays increased cellulose microfibril bundling and alignment compared with wild type (Xiao et al., 2016) . Such bundling may account for the increased proportion of interior chains in cellulose microfibrils of the mutant as detected by ssNMR (Dick-Perez et al., 2011) . The walls of the xxt1,xxt2 mutant are also impaired in wall loosening by a-expansin (Park and Cosgrove, 2012a) and by an endoglucanase similar to the CXGase used here (Park and Cosgrove, 2012b) , perhaps as a result of changes in microfibril organization and connectivity (Cosgrove, 2014) . In future work, the conclusions of the current study may be extended by imaging of hypocotyl cell walls from wild type and xxt1,xxt2 Arabidopsis, using the nanogold methods developed here. In the xxt1,xxt2 walls we would expect to see negligible binding by CBM76 and extensive binding of microfibrils by CBM3, while the reverse pattern would be expected in the wild type walls. Moreover, the morphological effects of endoglucanase digestions would likely differ for wild type and xxt1,xxt2 walls, potentially generating additional insights about xyloglucan conformation and interactions with cellulose in muro.
The aggregation and conformation of isolated tamarind xyloglucan seen in our images ( Figure 5 ) and by AFM (Koziol et al., 2015) show that xyloglucan can spontaneously form complex fibrous networks in vitro, but we did not find evidence of such xyloglucan aggregates in the onion cell wall. In vivo assembly of xyloglucan onto cellulose during primary wall synthesis likely entails different kinetics, spatial constraints and assembly mechanisms than what occurs in vitro. This difference points to the need for developing new analytic platforms to study the process of cell wall assembly under conditions that more closely resemble those of the living cell.
EXPERIMENTAL PROCEDURES
Enzymes, CBMs, antibodies and other reagents were obtained from the following sources and used without further purification: Recombinant PL from Cellvibrio japonicus (# E-PLYCJ; Megazyme, www.megazyme.com); recombinant xyloglucan-specific endoglucanase (XGase), a family-12 glycosyl hydrolase (GH) from Aspergillus aculeatus, was a gift from Dr. Kirk Schnorr, Novozymes; recombinant endoglucanase Case (family-12 GH) from Aspergillus niger was from Megazyme (# E-CELAN); recombinant CXGase with both xyloglucanase and cellulase activity is a family-5 GH from Paenibacillus sp. (# E-XEGP; Megazyme). Although the data sheet for Megazyme E-XEGP reports it to be a xyloglucan-specific endoglucanase, our results show that it also hydrolyzes hydroxyethyl cellulose and b-glucan ( Figure S1 ); this dual specificity was confirmed by Megazyme. LM15 anti-xyloglucan rat monoclonal antibody was from Plant Probes (www.plantprobes.ney). Anti-Rat IgG-nanogold was from Cytodiagnostics (www.cytodiagnostics. com; #AC-5-10). Protein-free blocking buffer was from Pierce (www.thermofisher.com; #37584). Recombinant his-tagged CBM3 was purchase from Prozomix (www.prozomix.com; #PRO-E0040). Recombinant CBM76 was expressed and purified as described (Venditto et al., 2016) . CBMs were labelled with Cytodiagnostics NHS-Activated Gold Nanoparticle Conjugation Kit following the manufacturer's instructions. Plain nanogold particles were from the same kit, but reacted without protein. Other chemicals were analytical grade from Sigma/Aldrich (www.sigmaaldrich.com). Water was distilled/de-ionized (18 MOhm).
Cell wall preparation
White onions~10 cm in diameter were purchased locally and stored at 4°C before use. Epidermal cell wall strips (0.5 9 1.0 cm) were peeled from the abaxial (outer) surface of the fifth scale and washed in Buffer-HT (20 mM HEPES buffer, pH 7.0, with 0.1% Tween 20) for 2 h to remove plasma membrane and cytoplasmic residues. After water washes, the walls were treated for 20 h at 25°C with 10 lg ml À1 PL in 50 mM N-cyclohexyl-3-aminopropanesulfonic acid buffer, pH 10, with 2 mM CaCl 2 and 2 mM NaN 3 , to remove surface homogalacturonan, followed by five 3-min water rinses, then in Buffer-HT for 2 h followed by five 3-min water washes. Samples were cut into 3 9 3 mm pieces, incubated at 37°C for 24 h in 20 mM sodium acetate buffer, pH 5.0, with or without 50 lg ml À1 Case, XGase, or CXGase, followed by three washes in enzyme-free acetate buffer, five water washes and 2 h in Buffer-HT, with gentle agitation, to clean the surface after endoglucanase treatment, then five washes in water.
Labelling with CBM
Stock solution of CBM3-nanogold (nominally 200 lg ml À1 in 20 mM Tris-HCl pH 7.5 with 0.025% Tween 20) was sonicated for 3 min and diluted in Pierce protein-free blocking buffer to 2, 5 or 15 lg ml À1 CBM3-nanogold. CBM76-nanogold was prepared in a similar manner at 50 or 100 lg ml
À1
. The nanogold conjugate solutions were sonicated for 3 min, then 20 lL was applied to each wall sample for 2 h with gentle agitation. Following CBM3 labelling, the walls were washed with six changes of water (30 min total) followed by dehydration in 100% ethanol. For CBM76 labelling, the walls were rinsed five times (30 min total time) in 20 mM HEPES, pH 7.5, then in the same buffer diluted 1:1 with ethanol (3 min 9 five times) and finally dehydrated in 100% ethanol.
Critical-point drying and FESEM imaging
Samples in 100% ethanol were transferred onto a histocassette overlaid with a sponge pad and critical-point dried using Leica EM CPD300 and automated settings: cooling temperature 15°C; heating temperature 40°C; CO 2 -In step: slow speed; exchange step: speed 3 and 19 cycles; gas-out step: slow 90%. Dried samples were mounted onto a double-sided carbon tape on a single pin aluminium SEM stab (Ted Pella, Redding, CA, USA) and coated with iridium on a rotation stage for 3 sec in a sputter coater (Emitech K575X, Fall River, MA, USA) at 40 mA.
The samples were imaged with a Zeiss Sigma VP-FESEM and an FEI Helios NanoLab 660 FESEM. High-resolution secondary electron images were acquired at a magnification of 9100 000 and above with an In-Lens detector at 10 kV. Backscattered electron images were collected with Zeiss parameter settings: extra high tension (EHT; accelerating voltage) = 10 kV; aperture size = 30 lm; beam current = 80 lA; WD (working distance)~3 mm. Parameter settings for FEI: voltage = 10 kV; beam current = 0.40 nA; WD 4 mm. For nanogold particle counts we standardized sampling procedures to collect a set of five images per cell, spaced equally along the midline of the long axis of the cell.
Xyloglucan labelling
Tamarind xyloglucan (Megazyme P-XYGLN) was dissolved in 50 mM NaOAc buffer (pH 5.5) at a concentration of 5 mg ml digested with 50 lg ml À1 CXGase for 15 min at 37°C with 1000 rpm rapid lateral agitation. Hydrolysis was stopped by heating the reaction at 95°C for 2 min. The partially digested products were fractionated by two consecutive membrane filtrations: a 30-kD molecular weight (MW) cut-off membrane filter was used to remove the large MW fraction (retained fraction). The filtrate was passed through a 10-kD MW membrane filter to remove the salt and low MW oligosaccharide components. The retained fraction was used for nanogold labelling. Note that the MW cut-off values are calibrated for globular proteins and are not accurate for xyloglucan. The reducing ends of the partiallyhydrolyzed xyloglucans were labelled with 5-nm amine-activated nanogold particles following the manufacturers instructions (Cytodiagnostics CGA3K-5-25). Unlabelled xyloglucans was removed by filtration with a 100-kD membrane filter and the conjugates were desalted by membrane filtration (250 ll) and stored at 4°C in water with 2 mM NaN 3 .
Hetero-trans-b-glycanase (HTG) extraction and assay
Crude enzyme was prepared as described by Simmons et al. (2015) from Equisetum sp. collected from a local pond. HTG activity was verified by dot blot labelling of filter paper with xyloglucan heptasaccharide labelled with fluorescein-5-thiosemicabazide . Onion walls were incubated overnight at 26°C in 1 ml 20 mM sodium acetate buffer, pH 5.5, containing 1 mg of crude HTG protein extract, 50 ll of xyloglucan-nanogold stock solution, and 2 mM NaN 3 . Following a water wash they were dehydrated in ethanol and critical-point dried as described below.
ACKNOWLEDGEMENTS
This work was supported as part of the Center for LignoCellulose Structure and Formation, an Energy Frontier Research Center funded by the US Department of Energy, Office of Science, Basic Energy Sciences under award no. DE-SC0001090. We thank Prof. Harry Gilbert, Newcastle University, UK, for the CBM76 clone, Prof. Enrique Gomez (Penn State University, USA) for discussions of polymer physics, and Laura Ullrich, Liza Wilson, Sarah Kiemle, Greg Ning, and Trevor Clark (all at Penn State University) for technical support. We thank Dr. Kirk Schnorr (Novozymes) for XGase. The authors declare no conflict of interest.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Relative lytic activities of Case, XGase, and CXGase for AZCL-xyloglucan (XyG), AZCL-hydroxyethyl cellulose (HEC), AZCL-b-glucan (b-Glu) and Azo-a-cellulose (Azo-Cel). Figure S2 . Representative images used for ImageJ analysis. Figure S3 . Troubleshooting antibody and nanogold localization by FESEM imaging. Figure S4 . Additional CBM76-nanogold images (montages). Figure S5 . Chart showing nanogold counts per lm 2 (mean AE SEM, number of images N = 10 for 2 lg ml À1 , N = 15 for 5 lg ml À1 , N = 5 for 15 lg ml À1 ) for pectate lyase (PL)-treated walls digested with or without endoglucanase and labelled with CBM3-nanogold at three concentrations. Method S1. ImageJ analysis of microfibril bundle radius and areas of inter-fibre pores.
